All relevant data are within the paper and its Supporting Information files.

Introduction {#sec004}
============

Severe acquired brain injury (ABI) describes cerebral damage of different etiologies. ABI is characterized by the risk of varying degrees of serious cognitive and physical impairments, and places a burden on society due to its, often-devastating, impact on health, on the lives of the patient's relatives, and on the economy.

The development of efficient prognostic tools for every stage of the complex clinical course of ABI would enable planning of focused therapies, allocation of resources, and assist caregivers to provide the best support for patients.

The etiology of ABI is wide-ranging, from traumatic brain injury to vascular (ischemic or hemorrhagic), anoxic, neoplastic, inflammatory or metabolic causes. However, given the high incidence of traumatic causes (prevalence 40--59%), most reports have focused on this etiology, with occasional information on other causes being treated as a whole (as non-traumatic brain injury) \[[@pone.0216507.ref001]--[@pone.0216507.ref004]\].

There is insufficient information on factors related to short- and long-term outcomes in patients with ABI and, given the high prevalence of traumatic causes, most studies concern only trauma-specific aspects \[[@pone.0216507.ref005]--[@pone.0216507.ref008]\] or compare traumatic ABI with ABI of hemorrhagic and anoxic etiologies \[[@pone.0216507.ref009]\]. Moreover, the current literature is often limited to univariate analysis of factor association and does not consider confounding factors in the populations under examination \[[@pone.0216507.ref010]--[@pone.0216507.ref011]\].

The aim of this study was to investigate factors associated with short and long-term outcome following rehabilitation in a group of subjects with ABI of various etiologies, who were admitted to rehabilitation after the acute phase of the condition.

Multivariable analysis was used to adjust for confounding in evaluation of the weighting of each factor. In the effort to obtain an evaluation of the outcome-factors relationship as accurate (and detailed) as possible a coherent procedure was adopted (see [Supporting Information](#sec016){ref-type="sec"}) aiming to have an estimate of factor's weight, random variability of the results and clinical relevance. The potential clinical relevance of the multivariable prognostic model was estimated by balancing the \"costs and benefits\" of applying the model in the same study population.

The short-term outcome was measured as the degree of disability (from none to death), at discharge, of a population of patients who were admitted for rehabilitation to a single institution ward dedicated to the treatment of patients with severe ABI of various etiologies. The incidence of death in the patients discharged alive identifies the long-term outcome.

Material and methods {#sec005}
====================

Study population {#sec006}
----------------

Study data were gathered from the Intensive Neurorehabilitation Unit, established on 1 June 2006 as a specialized ward dedicated to patients with ABI, of the Istituti Clinici Maugeri, Telese Terme, Italy. All patients admitted to the rehabilitation unit had had brain injury with a Glasgow Coma Scale (GCS) score ≤8 for a period of at least 24 hours in the acute stage. On admission to the unit patients underwent a systematic protocol. Electronic data collection included both clinical management and epidemiologic observations. All patients admitted to the rehabilitation unit from 1 June 2006 to 31 December 2015 (*n* = 605) were included in the study. Exclusion criteria were: age less than 18 years (*n* = 30), voluntary rehabilitation hospital discharge (*n* = 5), and rehabilitation hospital discharge due to acute illness within 3 days of admission (*n* = 3). Thus, the final study population for the short-term outcome comprised 567 patients. All patients discharged alive (458) from the rehabilitation unit were checked for survival on 1st March 2016 by inspecting the national death certificate repository. One of the patients was not resident in Italy and was lost to follow-up after rehabilitation hospital discharge. The final study population for the long-term outcome, therefore, comprised 457 subjects.

All patients gave their informed written consent to participate to the study. In case the patient was unable to consent, the closest relative was informed and asked to give written consent. The study protocol was approved on February 27, 2019 protocol n° 11/18 OSS by the Institutional Ethics Committee: Istituto Nazionale per lo Studio e la Cura dei Tumori \"Fondazione Giovanni Pascale\"---Napoli Comitato Etico IRCCS Pascale.

Several factors registered at admission and at discharge of the rehabilitation hospital were considered potential predictors of discharge and long-term outcome respectively. These factors represent a range of attributes: basic demographic characteristics (age, sex), presence of comorbidity (hypertension, diabetes, chronic obstructive pulmonary disease (COPD), chronic kidney disease (CKD), coronary artery disease (CAD) and active infectious disease (AID)), interval between onset of the acute event and admission to the rehabilitation setting (OAI), nutritional status, presence of pressure ulcers at hospital admission, percutaneous endoscopic gastrostomy or nasogastric intubation (PEG/NGI), and tracheostomy. CKD was defined as a glomerular filtration rate ≤60 ml/min, measured with the Chronic Kidney Disease Epidemiology Collaboration equation. Six etiologies were identified in our study population: anoxia, bleeding, neoplasm, hypoxia, ischemia, and trauma. The length of the rehabilitation hospital stay (LOS) was considered for potential association with long-term outcome.

Five indices descriptive of the extent of disability were measured at rehabilitation admission, the Disability Rating Scale (DRS), the Level of Cognitive Functioning Scale (LCFS), the Extended Glasgow Outcome Scale (GOSE), and both the cognitive and motor domains of the Functional Independence Measure (FIM^TM^) score. The same measures were repeated at rehabilitation discharge and the amount of disability gained (or lost) during rehabilitation hospital stay, measured as the variation between rehabilitation discharge/admission normalized as the percent gain of the maximum possible recovery attainable evaluated at rehabilitation admission, was computed for all 5 indices \[[@pone.0216507.ref012]\].

The severity of disability at rehabilitation hospital discharge was taken as the short-term outcome. This was evaluated by collapsing the DRS discharge assessment score into four classes: class I if no or mild disability (DRS 0--1) was observed, class II for partial to moderately severe disability (DRS 2--11), class III for severe disability to extreme vegetative state (DRS 12--29), and class IV for in-hospital death (DRS 30).

Statistical analysis {#sec007}
--------------------

Continuous factors are expressed as means±standard deviations (SD), while categorical factors are expressed as percent and number of occurrences. Since univariate analysis does not assess the association of each factor independent of the effect of other factors, a multivariable procedure specific to each outcome (short and long-term) was used to analyze both the relationship between rehabilitation hospital admission factors and short-term outcome probabilities and the relationship between rehabilitation hospital discharge and long-term outcome probabilities (see details of the model building strategy in the [S1 Appendix](#pone.0216507.s002){ref-type="supplementary-material"}).

Briefly, the generalized ordered logit (GOLOGIT) model for ordinal dependent variables \[[@pone.0216507.ref013]\] was used to model the independent association of each factor with the probability of each class of the short-term outcome, while the Cox proportional hazard analysis was used to identify and measure the independent contribution of each factor associated with all-cause mortality.

Significant variables were selected from a pool of 19 and 15 candidates for the short and long-term outcome respectively. The criteria adopted for pool definition are detailed in the [S1 Appendix](#pone.0216507.s002){ref-type="supplementary-material"}.

Graphs of the probability of each class of the short-term outcome were plotted relative to a clinically meaningful interval of values for the continuous or categorical factors that were found significant in the multivariable analysis and covered a span inside the range observed for each variable. However, plot interpretation should take into account that interpolation at the range borders is prone to a greater variability. Probabilities were derived from the GOLOGIT model coefficients and "population adjusted" for the confounding effect of the other significant factors. This method results in estimates of the probabilities that would occur if all subjects in the study population had the factor of interest at the chosen value. This enables visual assessment of the intrinsic effect of each factor independent of the other factors.

Similarly, the \"population adjusted\" method was used to obtain a graphical representation of the impact of each significant factor on mortality. Each population adjusted curve, estimated at a specific factor value, was compared to the overall observed mortality incidence curve, and exemplifies the mortality that would be observed if all patients in the study population had the given specific factor value.

The adjusting procedure was suggested by Nieto \[[@pone.0216507.ref014]\] and has been applied by others \[[@pone.0216507.ref015]--[@pone.0216507.ref016]\] to adjust survival curves for confounding. As detailed in the [S1 Appendix](#pone.0216507.s002){ref-type="supplementary-material"}, the method resides on averaging the estimate obtained for each subject in the population studied (the GOLOGIT derived probabilities for the short-term model and the Cox estimated survival curve for the log-term model). If the factor values used to fit the model are that observed in each subject these average estimates would result in the observed 4 outcome class frequencies (GOLOGIT model) and in the overall Kaplan-Meyer survival curve (Cox model). Employing specific factor values results in estimating the effect that this factor change would have on the outcome considered.

For both the Cox and the GOLOGIT models the functional form of the association between continuous factors and outcome was checked and modelled using a multivariable fractional polynomial (MFP) algorithm \[[@pone.0216507.ref017]\], which, in case of the GOLOGIT model, adds to the non-linearity/linearity fit inherent in the partial proportional odds model option used by this procedure (see [S1 Appendix](#pone.0216507.s002){ref-type="supplementary-material"}).

The relative weight of each significant factor was estimated by measuring the partial contribution of each variable to the variation in global outcome, as measured by global pseudo R^2^ (pR^2^) in the GOLOGIT model and by the global explained variance (R^2^) in the Cox model, using the Shapley-Owen decomposition algorithm \[[@pone.0216507.ref018]\].

The discrimination ability of the final prognostic GOLOGIT model was estimated by the area under the curve (AUC) of the receiver operating characteristics (ROC) analysis for each of the four outcomes, as shown in [S1 Fig](#pone.0216507.s007){ref-type="supplementary-material"}.

The stability (internal validity) of the results obtained with both Cox and GOLOGIT final models was measured by the frequency that each factor was selected as \"significant\" in a large series (1000) of bootstrap replications of the dataset by applying the same procedure \[[@pone.0216507.ref019]\]. Similarly, the stability of the selected functional form was measured by the frequency of significant linear vs non-linear association in the same collection of bootstrap replications.

The model building strategy of the Cox model included the verification of the proportional assumption of the model and, if necessary, the adoption of an extended model with the MFPT algorithm \[[@pone.0216507.ref020]\].

In order to evaluate the potential impact of the final prognostic model on the clinical environment, considering \"costs and benefits\", decision curve analysis (DCA) was employed \[[@pone.0216507.ref021]\]. DCA computes the net benefit obtained by applying the investigated prognostic model to make a clinical decision. In this framework "make a clinical decision" refers to a "non-specific clinical action" by which patients are "treated" with the aim to improve their prognosis. As detailed in the [S1 Appendix](#pone.0216507.s002){ref-type="supplementary-material"}, a net benefit curve is obtained by "treating" or not "treating" using the criteria suggested by the investigated prognostic model. This curve is then compared to that obtained applying the clinical action to all subjects irrespective of the prognostic tool ("treat all") and to that obtained not applying the clinical action to any of the subjects ("treat none"). All curves ("treat by prognostic model", "treat all" and "treat none") are taken along the full observed range of the "decision threshold", i.e. the threshold where the "advantages" of being treated with the "clinical action" being a "case" equal the "disadvantages" of being treated with the "clinical action" not-being a "case".

For each of the four outcome classes of the GOLOGIT model the net clinical benefit of using the final prognostic model was compared to the \"treat all\" and \"treat none\" criteria. To avoid the \"optimistic bias\" inherent in computation of individual outcome probabilities, the net benefit, as well as the ROC curves, were computed using the jack-knife procedure (i.e. the outcome probabilities for a given patient, entered into DCA and ROC analysis, were estimated using a model that was built excluding the subject under assessment). Similarly, the potential usefulness of the final prognostic Cox model in the clinical decision-making process was evaluated by an extension to censored data of the DCA analysis \[[@pone.0216507.ref022]\]

Univariate comparisons between the four short-term outcome classes or between long-term survivors and non survivors were performed using analysis of variance (ANOVA) or χ^2^ test for continuous and categorical factors, respectively. Kruskal--Wallis test was used in the case of not normally distributed variables by Shapiro--Wilk test.

The study was conducted according to the [St]{.ul}rengthening the [R]{.ul}eporting of [Ob]{.ul}servational Studies in [E]{.ul}pidemiology (STROBE) statement \[[@pone.0216507.ref023]\].

Data were analyzed using Stata version 15.0 (StataCorp LP, College Station, TX, USA). Statistical significance was accepted at *p*≤0.05 for univariate comparisons and for variable selection, as well as for testing between variable transformations within the MFP procedure.

Results {#sec008}
=======

Demographic and clinical characteristics of patients {#sec009}
----------------------------------------------------

Tables [1](#pone.0216507.t001){ref-type="table"} and [2](#pone.0216507.t002){ref-type="table"} show the characteristics at rehabilitation hospital admission and discharge respectively.

10.1371/journal.pone.0216507.t001

###### Characteristics of the study population stratified by outcome classes.

![](pone.0216507.t001){#pone.0216507.t001g}

                                          All           Outcome class I   Outcome class II   Outcome class III   Outcome class IV   p value
  --------------------------------------- ------------- ----------------- ------------------ ------------------- ------------------ ---------
  **Age, yrs (mean**±SD)                  55.1±17.7     39.8±16.3         48.9±17.4          59.4±15.5           65.6±13.9          ≤0.0001
  **Gender, % Male (n)**                  63.5% (382)   75.0% (21)        66.5% (163)        57.8% (107)         63.3% (69)         0.2
  **Hypertension, % (n)**                 39.7% (225)   17.9% (5)         39.2% (96)         41.6% (77)          43.1% (47)         0.09
  **Diabetes, % (n)**                     13.6% (77)    7.1% (2)          10.6%(26)          15.7%(29)           18.4% (20)         0.1
  **COPD, % (n)**                         9.4% (53)     0.0% (0)          6.9% (17)          10.8% (20)          14.7%(16)          0.03
  **GFR \<60 ml/mg, % (n)**               8.8% (50)     3.6% (1)          6.9%(17)           8.1% (17)           15.6%(15)          0.12
  **CAD, % (n)**                          10.9% (62)    14.3% (4)         7.7% (19)          10.3% (19)          18.4% (20)         0.04
  **AID, % (n)**                          38.6% (219)   28.6% (8)         25.3% (62)         50.8% (94)          50.5% (55)         ≤0.0001
  **OAI, wks**                            8.3±6.9       5.5±3.0           6.5±3.7            10.1±9.6            9.7±6.8            ≤0.0001
  **NI, % (n)**                           8.5% (48)     10.7% (3)         7.4%(18)           8.1% (15)           11.0%(12)          0.8
  **SPU, % (n)**                          39.5% (224)   14.3%(4)          23.7% (58)         54.1% (100)         56.9%(62)          ≤0.0001
  **PEG/NGI, % (n)**                      57.0% (323)   14.3% (4)         27.8% (68)         85.4% (158)         85.3% (93)         ≤0.0001
  **Tracheostomy, % (n)**                 63.0% (357)   35.7% (10)        42.0% (103)        80.5% (149)         87.2% (95)         ≤0.0001
  **Aetiology**                                                                                                                     ≤0.0001
  **Anoxia, % (n)**                       14.6% (83)    7.1% (2)          4.9% (12)          22.2% (41)          25.7% (28)          
  **Bleeding, % (n)**                     34.0% (193)   32.1% (9)         33.9% (83)         37.3% (69)          29.4% (32)          
  **Infection, % (n)**                    8.3% (47)     14.3% (4)         9.4% (23)          6.5% (12)           7.3% (8)            
  **Hypoxia, % (n)**                      5.3%(30)      10.7% (3)         8.6% (21)          1.6% (3)            2.8% (3)            
  **Ischemia, % (n)**                     12.7% (72)    3.6% (1)          9.8% (24)          12.4% (23)          22.0% (24)          
  **Trauma, % (n)**                       25.0% (142)   32.1% (9)         33.5% (82)         20.0% (37)          12.8% (14)          
  **DRS score (mean±SD)**                 19.6±5.5      12.9±4.1          16.3±4.4           22.6±3.6            23.9±4.0           ≤0.0001
  **LCFS score (mean**±SD)                3.9±2.1       6.3±1.7           5.1±1.6            2.9±1.5             2.5±1.8            ≤0.0001
  **GOSE score (mean**±SD)                2.9±0.9       3.8±0.9           3.3±0.9            2.5±0.5             2.3±0.5            ≤0.0001
  **FIM** **motor score(mean**±SD)        17.0±8.8      25.8±12.8         19.7±10.7          13.9±4.2            13.8±4.3           ≤0.0001
  **FIM** **cognitive score (mean**±SD)   12.3±9.0      23.4±9.0          16.8±8.9           7.5±5.4             7.4±5.6            ≤0.0001

SD = Standard Deviation. COPD = chronic obstructive pulmonary disease. GFR = glomerular filtration rate. CAD = coronary artery disease. AID = active infection disease. OAI = acute onset to admission interval. LOS = length of stay. NI = nutritional impairment. SPU = skin pressure ulcers. PEG/GI = percutaneous endoscopic gastrostomy or nasogastric intubation. DRS = Disability Rating Scale. LCFS = Level of Cognitive Functioning Scale. FIM = Functional Independence Measure .GOSE:Extended Glasgow Outcome Scale. P value refer to ANOVA/Shapiro Wilks analysis for continuous variables and to chi2 test for categorical factors.

10.1371/journal.pone.0216507.t002

###### Discharged population characteristics.

![](pone.0216507.t002){#pone.0216507.t002g}

                                                                  All           Survivors     Non Survivors   p value
  --------------------------------------------------------------- ------------- ------------- --------------- ----------
  [\*](#t002fn002){ref-type="table-fn"}**Age yrs**                52.6±17.6     49.7±17.8     61.9±13.6       \<0.0001
  [\*](#t002fn002){ref-type="table-fn"}**Gender (male), % (n)**   63.5 (290)    64.3 (225)    60.8 (65)       = 0.51
  [\*](#t002fn002){ref-type="table-fn"}**Etiology**                                                           = 0.005
  **Anoxia, % (n)**                                               12.0 (55)     9.1 (32)      21.5 (23)        
  **Bleeding, % (n)**                                             35.2 (161)    34.3 (120)    38.3 (41)        
  **Infection, % (n)**                                            8.5 (39)      9.1 (32)      6.5 (7)          
  **Hypoxia, % (n)**                                              5.9 (27)      6.3 (22)      4.7 (5)          
  **Ischemia, % (n)**                                             10.5 (48)     10.3 (36)     11.2 (12)        
  **Trauma, % (n)**                                               27.8 (127)    30.9 (108)    17.8 (19)        
  [\*](#t002fn002){ref-type="table-fn"}**SPU, % (n)**             18.6 (85)     41.2 (35)     58.8 (50)       \<0.0001
  [\*](#t002fn002){ref-type="table-fn"}**NI, % (n)**              7.9 (36)      7.7 (27)      8.4 (9)         = 0.82
  [\*](#t002fn002){ref-type="table-fn"}**AID, % (n)**             35.7 (163)    30.9 (108)    51.4 (55)       \<0.0001
  [\*](#t002fn002){ref-type="table-fn"}**Diabetes, % (n)**        12.4 (57)     10.3 (36)     19.6 (21)       = 0.01
  [\*](#t002fn002){ref-type="table-fn"}**GFR\<50 ml/mg, % (n)**   7.2 (33)      6.9 (24)      8.4 (9)         = 0.59
  [\*](#t002fn002){ref-type="table-fn"}**Tracheostomy, % (n)**    26.9 (123)    18.6 (65)     54.2 (58)       \<0.0001
  [\*](#t002fn002){ref-type="table-fn"}**CAD, % (n)**             9.2 (42)      9.7 (34)      7.5 (8)         = 0.48
  [\*](#t002fn002){ref-type="table-fn"}**COPD, % (n)**            7.9 (36)      6.9 (24)      11.2 (12)       = 0.14
  [\*](#t002fn002){ref-type="table-fn"}**LOS, d**                 142.8±120.3   124.3±101.2   203.2±154.2     \<0.0001
  [\*](#t002fn002){ref-type="table-fn"}**OAI (1/x2), wks**        7.9±6.9       7.4±6.0       9.6±9.0         = 0.02
  [\*](#t002fn002){ref-type="table-fn"}**Discharge DRS**          11.3±7.9      9.1±6.8       18.6±6.9        \<0.0001
  **Discharge LCFS**                                              6.1±2.3       6.7±1.9       4.2±2.5         \<0.0001
  **Discharge GOSE**                                              4.5±2.0       5.0±1.9       2.9±1.3         \<0.0001
  **Discharge cognitive FIM**                                     21.5±11.0     24.1±9.9      12.9±10.1       \<0.0001
  **Discharge motor FIM**                                         45.2±28.1     52.0±27.1     23.0±18.4       \<0.0001
  **In-hospital Gained Rescue**                                                                                
  [\*](#t002fn002){ref-type="table-fn"}**DRS gain, %**            45.3±31.2     53.8±28.1     17.8±27.3       \<0.0001
  **LCFS gain,%**                                                 67.3±39.2     76.2±34.4     38.1±39.9       \<0.0001
  **GOSE gain, %**                                                42.9±30.1     49.9±29.1     20.1±20.7       \<0.0001
  **Cognitive FIM** **gain, %**                                   46.5±35.0     53.9±33.1     22.1±29.9       \<0.0001
  **Motor FIM** **gain**^**,\ %**^                                39.9±35.0     48.0±34.0     13.2±22.7       

SPU: skin pressure ulcers. NI: nutritional impairment. AID: acute infectious disease. GFR: glomerular filtration rate. CAD: coronary artery disease. COPD: chronic obstructive pulmonary disease. LOS: length of hospital stay. OAI: acute onset to admission interval. DRS: Disability Rating Scale. LCFS: Level of Cognitive Functioning Scale. FIM: Functional Independence Measure. GOSE: Extended Glasgow Outcome Scale.

\*Factors tested in the Cox analysis.

The characteristics of the study population at rehabilitation hospital admission, as a whole and stratified by short-term outcome class, are shown in [Table 1](#pone.0216507.t001){ref-type="table"}. [Table 2](#pone.0216507.t002){ref-type="table"} shows the characteristics of the patients discharged alive and grouped by the long-term outcome.

At rehabilitation admission, the most frequent etiology was bleeding (34.0%), followed by trauma (25.0%), anoxia (14.7%), ischemia (12.7%), neoplasia (8.3%), and hypoxia (5.3%). At rehabilitation admission 37.6% of patients (*n* = 213) were in a vegetative state, 24.0% (*n* = 136) were in a minimally consciousness state, and the remaining 38.4% (*n* = 218) were conscious. Univariate analysis found statistically significant differences between the 4 outcome groups for 13 of the 20 factors considered. Similarly, among patients discharged alive, the group of long-term survivors had statistically significant differences in 10 of the 15 characteristics tested.

However, since univariate comparisons do not account for the confounding of each factor with others, we rely on the multivariable analyses (GOLOGIT and Cox) in order to draw conclusions about the association between factors and outcomes.

Multivariable analysis of short-term outcome {#sec010}
--------------------------------------------

Of the study population 4.9% were discharged from rehabilitation hospital with none-to-mild disability (outcome class I), 43.2% with partial-to-moderately-severe disability (outcome class II), 33.6% with severe-to-extreme disability (outcome class III), and 19.2% died in hospital (outcome class IV). The seven factors that, independently, are significantly associated with the outcomes are shown in [Table 3](#pone.0216507.t003){ref-type="table"} (full results are shown in [S1 Table](#pone.0216507.s003){ref-type="supplementary-material"}).

10.1371/journal.pone.0216507.t003

###### Factors significantly associated with short-term outcome at the ordered multinomial logistic analysis.
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  Global pR^2^ = 0.37                     
  ----------------------- ------ ------- ---------
  Age                     14.8   100.0   Lin
  Event-Admission (wks)   5.9    99.3    Lin
  Admission DRS           23.4   96.2    Lin
  Admission LCFS          21.5   96.8    Non Lin
  Admission GOSE          18.8   78.0    NA
  PEG/NGI                 14.4   83.7    NA
  CAD                     1.3    65.9    NA

DRS = Disability Rating Scale score. CAD = coronary artery disease. PEG/GI = percutaneous endoscopic gastrostomy or nasogastric intubation. GOSE = Extended Glasgow Outcome Scale. LCFS = Level of Cognitive Functioning Scale. pR^2^ = pseudo R^2^. BIF = Bootstrap Inclusion Frequency. Lin = Linear. NA = Not applicable.

The final GOLOGIT model has excellent goodness-of-fit (pR^2^ = 0.37), and good discrimination ability, as shown by the AUC of the four outcomes, which range from 0.82 to 0.88 in the ROC analysis. A non-significant (*p* = 0.24) Hosmer-Lemeshow goodness-of-fit test excluded mis-calibration. The calibration plot shows good agreement over the full range of probability (see [S2 Fig](#pone.0216507.s008){ref-type="supplementary-material"}).

The impact of each significant factor, as documented by its individual contribution to global pR^2^, includes a wide range of values. Rehabilitation admission DRS accounts for the greatest proportion (23.4%) of global pR^2^, followed by admission LCF and GOSE (21.5% and 18.8%, respectively). Age (14.8%) and PEG/NGI (14.4%) share a lower proportion of global pR^2^, while the interval between the acute event onset and admission to the rehabilitation setting (OAI) accounts for 5.9%. The presence of CAD exerts the smallest influence on global pR^2^ (1.3%).

[Fig 1](#pone.0216507.g001){ref-type="fig"} shows the plots of the 4 outcome probabilities relative to meaningful intervals of continuous factors (selected within the observed range) and to the presence/absence of CAD and PEG/NGI.

![Short-term outcome probabilities.\
(A--E) Graphs of outcome probabilities (y-axis) relative to relevant intervals (x-axis) of the continuous factors age, Disability Rating Scale (DRS) score, acute event onset to hospital admission interval (OAI), Level of Cognitive Functioning Scale (LCFS) score, and Extended Glasgow Outcome Scale (GOSE). (F) Bar plots of the outcome probabilities of the presence/absence of percutaneous endoscopic gastrostomy/nasogastric intubation (PEG/NGI), and (G) coronary artery disease (CAD). OUT I to IV: short-term outcome classes I to IV.](pone.0216507.g001){#pone.0216507.g001}

Outcome probabilities over the span of each predictor (from [Fig 1A](#pone.0216507.g001){ref-type="fig"} to [Fig 1G](#pone.0216507.g001){ref-type="fig"}) were adjusted for confounding of the other significant factors in the final model, and estimate the probabilities that would be observed in the population if all patients had the given value of the specific predictor under consideration.

Increase in age correlates with a continuous reduction in the probability of outcome classes I and II, matched by an increase in the remaining two outcome classes.

Greater values of the DRS score measured at rehabilitation hospital admission, from 0 to 8--10, are associated with a reduction in outcome I probability, matched by an increase in outcome classes III and IV, with no noticeable changes in outcome class II. Further greater values above this threshold couple with a continuous increase in outcome class IV, apparently driven by the decrease in outcomes I and II, since the value of outcome III reaches a plateau.

Similarly, OAI values ranging from 0 to \~20/30 weeks, are associated with a drastic reduction to a null plateau of the probability of outcome I, matched by a decrease in probability of outcome II and an increase in the probabilities of outcomes III and IV. OAI values above 50 weeks couple with an increase in in-hospital death, driven by a reduction in outcome III, given the almost null values estimated for outcomes I and II. However, given the skewed distribution of OAI values, few subjects exhibit measures above 30 wks, therefore, it is wise to hold the judgement on outcome behavior in this range and consider the results as a suggestion.

Improved values of the Level of Cognitive Functioning Scale (LCFS) scores above 1 are matched by greater probabilities of outcomes I and II and a reduced probability of outcomes III and IV. These changes exhibit a marked non-linear relationship and are limited to a small interval (between 1 and 3) of the span of LCFS scores. All probabilities remain unchanged for LCFS scores above 3.

Reduced GOSE at rehabilitation admission is associated with an increase in outcomes III and IV and a reduction in outcome II. However, it is notable that changes in GOSE do not capture variations in outcome I. Considered the good results obtained checking the performance of the prognostic model (see [S1 Appendix](#pone.0216507.s002){ref-type="supplementary-material"}) it is probable that the observed behavior reflects the GOSE/outcome relationship more than a biased estimation.

[Fig 1F](#pone.0216507.g001){ref-type="fig"} shows that the presence of PEG/NGI is linked to a greater probability of outcomes III and IV and a lower probability of outcomes I and II.

In [Fig 1G](#pone.0216507.g001){ref-type="fig"}, the presence of CAD is associated with a consistent increase in outcome IV, while there is a decrease in outcomes II and III, and outcome I shows an unexpected increase.

Multivariable analysis of long-term outcome {#sec011}
-------------------------------------------

Over a mean follow-up of 3.4±2.8 years (range 13 days-- 9.8 years) all-cause deaths were 107 (final cumulative mortality rate at 10 years 37.6±3.9%, with 77.2% censoring and number of subjects at risk for each year reported in [Fig 2](#pone.0216507.g002){ref-type="fig"}. The results of the final Cox multivariable analysis are shown in [Table 4](#pone.0216507.t004){ref-type="table"}. (Full Cox model results are reported in the [S2 Table](#pone.0216507.s004){ref-type="supplementary-material"} of the Supporting Information)

![Cox cumulative mortality incidence.\
(A-D) Population-level adjusted mortality curves (*dashed black lines*). Overall mortality incidence (*red line*). (D) Overall mortality omitted for clarity. DRS = Disability Rating Scale.](pone.0216507.g002){#pone.0216507.g002}
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###### Cox analysis results of long-term outcome.

![](pone.0216507.t004){#pone.0216507.t004g}

                         Global R^2^ = 0.52---Haller\'s C = 0.68±0.03                                          
  ---------------------- ---------------------------------------------- --------- ------ ------ ------- ------ ------
  Age (10 years)         1.37                                           ≤0.0001   42.3   96.2   0.724   1.11   0.03
  OAI (1/x2) weeks       0.95                                           0.04      5      55.2   0.192          NS
  Disability recovered   0.29                                           0.014     23.8   42.1   0.789          NS
  Discharge DRS          1.09                                           ≤0.0001   29     84     0.907          NS 

OAI: acute onset to admission interval. DRS: Disability Rating Scale. NS: not significant.

Four of the 15 factors tested showed an independent significant association with long-term outcome. The proportionality assumption was rejected only for age and, therefore, an interaction term of age with time was included in the extended final Cox model, which therefore included the OAI interval, the percent of disability recovery during the rehabilitation period, and the residual disability at hospital discharge, as measured with the DRS scale. The goodness-of-fit between the observed and estimated death rates is documented by a non-significant 5-group Gronnesby and Borgan test (*p*-values ranging from 0.5 to 0.78). A global R^2^ of 0.52, along with a Harrell's C of 0.68, documented the good discriminant ability of the final model, i.e. 52% of the outcome variation (in the log-hazard scale) is explained by the model.

[Fig 2](#pone.0216507.g002){ref-type="fig"} shows the mortality incidence curves, estimated from the final model, relative to various levels of the four factors compared to the observed overall mortality curve. It is notable that each curve is \"population-level adjusted\", i.e. represents the profile that would be observed if all patients in the study population had the given factor at the chosen level and, thus, together provide a graphical estimate of the impact that each factor exerts on the outcome independent of the other factors. The range of the factor's level shown was selected within the range observed in the population and the accuracy of each fit depends from the accuracy of the final model (proven to be for the most part adequate: see previous paragraph and [S1 Appendix](#pone.0216507.s002){ref-type="supplementary-material"}). Naturally, a greater variability is expected to reside on the extreme values but to an extent that does not impair a correct representation of the information embedded in the observed data.

As expected, increasing age is associated with increasing mortality ([Fig 2A](#pone.0216507.g002){ref-type="fig"}). Less obviously, the significant interaction with time implies that, as shown in [Fig 3](#pone.0216507.g003){ref-type="fig"}, the effect of age on mortality, as expressed by the specific hazard ratio (HR), increases with time. It is practically null (HR = 1) at hospital discharge, with a rapid increase up to 2 years, followed by a slow plateau at approximately 1.5 HR.

![Age hazard ratio.\
Behavior over time of the age hazard ratio (HR) relative to 10 years increase. Shaded area: 95% confidence interval. See [S1 Appendix](#pone.0216507.s002){ref-type="supplementary-material"} for details on how to compute HR when time interaction is present.](pone.0216507.g003){#pone.0216507.g003}

The weight of age on overall mortality is relevant, as suggested by the spread of the age-specific mortality curve in [Fig 2A](#pone.0216507.g002){ref-type="fig"}, and as documented by its relevant contribution (42.3%) to the global R^2^ ([Table 2](#pone.0216507.t002){ref-type="table"}).

The second in line, as concerns impact on outcome, is disability status at rehabilitation hospital discharge, which accounts for 29% of the global R^2^ ([Fig 2B](#pone.0216507.g002){ref-type="fig"}). Lower values of discharge DRS are associated with favorable mortality profiles and, as expected, lower mortality incidence is associated with greater recovery (during the rehabilitation period) of the disability burden measured at hospital admission ([Fig 2C](#pone.0216507.g002){ref-type="fig"}). Interestingly, these two factors, namely the amount of disability at the end of the rehabilitation stage and the percent of disability recovered, account for more than 50% of the overall outcome variation observed.

An increase in the interval between onset of the acute event and admission to the rehabilitation setting is associated with worse outcome ([Fig 2D](#pone.0216507.g002){ref-type="fig"}). This association is significantly non-linear (1/x^2^), i.e. an appreciable increase is observed when OAI increases from 2 to 3 weeks, whereas almost no changes occur above 5 weeks.

Bootstrap sampling (internal validity) {#sec012}
--------------------------------------

As concern the GOLOGIT analysis of the short-term outcome, the stability of each factor is shown by its frequency of occurrence (bootstrap inclusion frequency; BIF) over the bootstrap replications. BIF values ≥90% imply a solid constancy of the specific factor ([Table 3](#pone.0216507.t003){ref-type="table"} and [S1 Table](#pone.0216507.s003){ref-type="supplementary-material"}). Age, OAI, LCFS score, and DRS score show reliable stability. The other significant factors in the final GOLOGIT model exhibit lower values, which reach a value of 65.9% in the case of the presence of CAD.

In the Cox analysis of the long-term outcome the most stable effect on mortality is shown for age ([Table 4](#pone.0216507.t004){ref-type="table"}). Of the bootstrap replicates, 96.2% show this factor as significant, followed by a discharge DRS well above 80%. Regarding the remaining significant factors in the final model, the OAI and the percent of rehabilitation recovery show intermediate stability (55.2% and 42.1%, respectively).

All the factors not included in the final model of both GOLOGIT and Cox analyses show BIF values lower than 30% except for etiology, which, notably, has a value close to 50% for the Cox bootstrap replicates and above 70% for the GOLOGIT replicates ([S1 Table](#pone.0216507.s003){ref-type="supplementary-material"} and [S2 Table](#pone.0216507.s004){ref-type="supplementary-material"}).

Net clinical benefit {#sec013}
--------------------

The net clinical benefit of using the GOLOGIT prognostic model in the clinical decision-making procedure was computed for each of the four outcomes ([Fig 4](#pone.0216507.g004){ref-type="fig"}). The measures, assessed using the jack-knife procedure, result in profiles that are higher than the \"treat all\" and \"treat none\" profiles for a relevant interval of the decision threshold, the threshold where the "advantages" of an appropriate clinical action equal the "disadvantages"of a not appropriate clinical action.

![Decision curve analysis of short-term outcome.\
For each outcome, the net benefit curve of the prognostic model (*red*), assessed using the jack-knife procedure, lies well above the \"treat all\" (*dashed black*) and \"treat none\" (*solid black*) curves along a relevant portion of the decision threshold.](pone.0216507.g004){#pone.0216507.g004}

[Fig 5](#pone.0216507.g005){ref-type="fig"} shows the net benefit attenable by using the Cox model of long-term outcome as a prognostic tool. Comparably to short-term outcome, the estimated net benefit of making a specific clinical decision according to the Cox model is definitively higher than that evaluated for the two possible alternative choices; applying the given clinical action to all subjects (\"treat all\") or to none (\"treat none\") all along the decision threshold range.

![Decision curve analysis of long-term outcome.\
Net benefit of using the three possible alternatives in the clinical decision-making chain. Use of the prognostic model (*red line*) results in a higher profile than both \"treat all\" (*dashed black line*) and \"treat none\" (*continuous black line*) strategies.](pone.0216507.g005){#pone.0216507.g005}

Discussion {#sec014}
==========

This study investigated factors that independently contribute to the short and long-term outcomes in patients with severe ABI using a comprehensive methodology. Our data indicate that both outcomes are mainly associated with age and disability degree (attained and recovered) in two prognostic models that account for a relevant portion of the outcome variability (pR^2^ = 0.32 and R^2^ = 0.52). The role of the factors governing the clinical instability of the acute stage of the disease, as measured by the time spent in the intensive care unit (OAI) \[[@pone.0216507.ref024]\], is similar on short and long-term outcomes (the partial contribution to the global R^2^ is 5.9% and 5% respectively) and, thanks to the non-linearity of its effect, intervals greater than 5/6 months (short-term outcome, [Fig 1C](#pone.0216507.g001){ref-type="fig"}) and 1 month (long-term outcome, [Fig 2D](#pone.0216507.g002){ref-type="fig"}) share a flat effect, supporting the existence of a \"ceiling effect\" for this risk factor in both prognostic models.

The comprehensive analytical method adopted let consider the results from a wider perspective. Considering, together, the statistical significance, the contribution to global R^2^, and the stability (BIF) of each investigated risk factor, it is possible to obtain more details about their association with outcome.

A significant factor may show several combinations of stability levels and weights on the outcome allowing a more exhaustive depiction of the factor's role in the model.

As example, in the short-term prognostic model, the rehabilitation admission DRS and LCFS ([Table 3](#pone.0216507.t003){ref-type="table"}) show the highest contribution to global pR^2^ and very high BIF values (\>95%) thus setting both factors as the most reliable predictors in the final model with the greatest significant impact on outcome, given that, together, they account for almost 45% of the variability in short-term outcome. As shown in [Fig 1D](#pone.0216507.g001){ref-type="fig"} changes in LCFS score correlated with changes in short-term outcome probability only for low-score values, suggesting that the clinically useful portion of this scale is limited to less than one-third of the scale.

Similarly, on long-term outcome, psychophysical condition (disability attained at hospital discharge and gained during hospitalization) plays a pivotal role in the long-term prognosis and, in the early period after hospital discharge, accounts for almost all of the variability in the outcome. In fact, age-associated death increases with time and shows only 2 years later an effect on outcome comparable to that of the psychophysical condition ([Fig 3](#pone.0216507.g003){ref-type="fig"}).

The lack of statistical significance in the results of both short and long-term outcome suggests the absence of an independent association between etiology and outcome probability. Therefore, the better outcome attributed to some etiologies, namely trauma (1, 2), should be ascribed to the younger age and lesser extent of disability at admission, as documented in our population by the statistically significant lower age and DRS in subjects with traumatic etiology (age 55.1±15.6 vs 43.6±18.8 years, *p*≤0.001; DRS, 20.0±5.2 vs 18.4±6.0, *p* = 0.003). However, the high frequency of a significant association observed in the bootstrap replications (BIF = 71.6% and BIF = 49.5% for short and long-term models respectively (see [S1 Table](#pone.0216507.s003){ref-type="supplementary-material"} and [S2 Table](#pone.0216507.s004){ref-type="supplementary-material"} of Supporting Information) may suggest that the traumatic etiology could make an intrinsic contribution to outcome probability independent of the younger age and lower disability that, usually, characterize patients with head trauma. It is likely that a greater power (sample size) would be required to obtain a significant association, considering the multilevel category (we report six different etiologies) and an independent effect that (if present) is relatively small compared to its variability.

It is notable that none of the registered concomitant diseases was found to be statistically significant in the long-term final model and only CAD shows a significant but negligible contribution (partial pR^2^ = 1.3%, [Table 3](#pone.0216507.t003){ref-type="table"}) to short-term association. This observation is reinforced by the low frequency of statistical significance in the associated bootstrapped replications. This unexpected result may be due to the natural selection bias that occurred in the acute stage, i.e. the presence of comorbidities *is* a risk factor and patients surviving to the acute phase come to the rehabilitation hospital after a \"selection\" that leaves subjects less susceptible to the risk factor itself. This hypothesis is supported by a report documenting that comorbidity is one of the most important determinants of in-hospital mortality for patients with traumatic brain injury, and a significant two-fold increase in the hazard of in-hospital mortality is associated with a Charlson Comorbidity Index score of 1--2 \[[@pone.0216507.ref025]\].

In order to gain insight into the clinical performance of the final prediction models using a metric that takes into accounts the \"cost\" as well as the \"benefits\" of acting according to a given prognostic model, we used DCA to determine the \"net benefit\" obtained. As shown in Figs [4](#pone.0216507.g004){ref-type="fig"} and [5](#pone.0216507.g005){ref-type="fig"}, the \"net benefit\" curves of the four short-term outcomes and of the long-term outcome, estimated using the respective prognostic models, were compared to the curves of the other possible action strategies; \"treat all\" and \"treat none\". In all instances, the \"net benefits\" of using the prognostic models were higher than those of the two alternatives along a broad and meaningful portion of the \"decision threshold\". Thus, it can be concluded that both final prognostic models have favorable and clinically useful characteristics even when taking into account risk/benefit ratios.

In conclusion, examining our cohort data with integrated analytical tools aimed to estimate not only the statistical significance, but also the weight and the "stability" of prognostic factors as well as the 'net' clinical benefit, let us to give a more comprehensive view of the prognostic connections in patients affected by ABI. The independent relevance of the disability condition in the short and long-term prognosis is compared with the weight and "stability" of the other factors considered, and gives back a prognostic framework more accurate and detailed.

Limitations {#sec015}
-----------

Since this is a single-center study, the observations may reflect regional- and environment-related population characteristics. Moreover, our data refer to patients after the acute phase and, thus, the results may apply only to subjects in the same stage.

However, the center covers the 30% of the regional hospital facilities dedicated to the rehabilitation of ABI patients and, therefore, accounts for a non-trivial fraction of the incident pathology in the region (Center- South of Italy) and may be considered representative of the disease.

\"Internal validation analysis\" provided information on the stability of the results of the current study; however, external validation using population data gathered from other institutions is needed to warrant a valid external inference of these results.
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###### Dataset short-term.
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###### Dataset long-term.
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###### Short-term outcomes ROC curves.

Jack-knife corrected receiver operating characteristics curves (ROC) relative to the four outcomes of the final GOLOGIT model. OUT I--IV: outcomes I--IV, AUC: area under the ROC curve.

(TIF)

###### 

Click here for additional data file.

###### GOLOGIT calibration plot.

Jack-knife corrected calibration plot of observed probabilities vs predicted probabilities computed using jack-knife re-sampling procedure. *Hollow circle* diameters are proportional to group's size. *Grey shaded area* outlines the frequency of the observed probabilities.

(TIF)
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